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Abstract 
Controlling magnetization of magneto-optical materials by voltage instead of electric current is 
expected to reduce power consumption and miniaturize functional elements in magneto-optical 
devices such as magneto-optical spatial light modulator. In this study, highly Bi-substituted 
neodymium iron gallium garnet, Nd0.5Bi2.5Fe4.5Ga0.5O12, thin film on gadolinium gallium garnet 
substrate prepared by metal organic decomposition method, which has excellent magneto-optical 
properties in visible wavelength region, was investigated as one of candidates for such devices. The 
thin film was cemented on a lead zirconate titanate polycrystal chip to apply external stress to the thin 
film. When the stress was applied, increase of coercivity has been observed by magneto-optical Kerr 
microscope due to reverse magnetostrictive effect. The result suggested the possibility of the 
Nd0.5Bi2.5Fe4.5Ga0.5O12 thin film as strain-mediated voltage controlled magneto-optical devices. 
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1 Introduction 
Recently, in order to reduce power consumption and miniaturize magnetic devices, controlling 
magnetization with using other methods instead of conventional electromagnetic methods utilizing 
magnetic field induced by electric current have been studied by many researchers. One of such 
methods uses reverse magnetostriction effect to control magnetization by applying mechanical stress 
by piezoelectric actuator to magnetic thin film in such combination as CoFe2O4/BaTiO3, 
Fe3O4/Pb(Mg0.66Nb0.33)O3-PbTiO3(PMN-PT),  Ni/PMN-PT, CoFeB/PMN-PT, etc. (Geprags, et al. 
2013, Schmitz-Antoniak, et al. 2013, Wu, et al. 2011, Buzzi, et al. 2013, Zhang, et al. 2014) 
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In the field of magneto-optical devices, possibility of magneto-optical spatial light modulator 
driven by voltage (V-MOSLM) in terms of (Dy, Bi)-doped yttrium iron garnet (DyBi:YIG), which has 
large magnetostriction, has been reported (Tsuzuki, et al. 2006, Mito, et al. 2010) and in order to 
enhance Faraday rotation, magnetic photonic crystal structure was also considered, however, it would 
be more preferable to adopt simpler structure composed of MO material with large Faraday rotation 
and high transparency. 
In our laboratory, highly Bi substituted neodymium iron gallium garnet (Bi:NIGG) thin films, 
which have large magneto-optical effect and high transparency in visible wavelength region, have 
been obtained by metal organic decomposition (MOD) method (Ishibashi, et al. 2005, Lou, Yoshida 
and Ishibashi 2015). The objective of this study is to investigate magneto-optical properties of this 
Bi:NIGG thin film under stress by lead zirconate titanate (PZT) as stress-mediated piezoelectric 
actuator in order to discuss the possibility of the thin film as voltage controlled MOSLM. 
2 Experiments 
Two MOD solutions (Kojundo Chemical Lab. Co., Ltd.), which contain main componential 
elements at ratio of Nd:Bi:Fe:Ga = 0.5:2.5:5.0:0 and 0.5:2.5:4.0:1.0, respectively, were carefully 
mixed at a mixture ratio of 1:1 to obtain the desired MOD solution for Nd0.5Bi2.5Fe4.5Ga0.5O12. This 
solution was spin-coated on Gd3Ga5O12 (GGG) (111) substrate (10 u10 u0.5 mm3) at 3000 rpm for 
30 sec, followed by drying at 100Υ for 10 min and pre-annealed at 450Υ for 10 min. These processes 
were repeated five times and finally the sample was annealed at 700Υ for 3 hours in the air. Substrate 
side of the sample was mechanically polished until the thickness became 0.1 mm so that the stress 
from PZT actuator can cause sufficient distortion of the thin film.  
Figure 1 shows the sample setup for applying stress by PZT chip. On the polycrystal PZT chip (5 
u5 u0.5 mm3), two Au electrodes with gap of 1.5 mm were formed by ion coater. The polished 
sample was cut into appropriate size (1.0 u1.4 mm2) to fit between the electrodes and attached to the 
PZT surface by cyano-acrylate base adhesive so that the thin-film side faced to the surface of the PZT.  
Strain gauges were also attached in the space close to the Nd0.5Bi2.5Fe4.5Ga0.5O12 thin film on the 
surface of the PZT to estimate strain of the thin film because there was no enough space on the sample 
for the strain gauge to be attached without preventing from observation by Kerr microscope.  
Magnetic domain behavior and magnetic hysteresis loop were observed by magneto-optical Kerr 
microscope. Magnetic field was applied 
perpendicular to the surface of the thin film by 
an electromagnet behind the PZT chip and the 
strength of magnetic field was measured by a 
Gauss meter. Voltage applied to the electrodes 
on the PZT chip was changed from 0 to 1.7 kV. 
The electric field calculated with the distance 
1.5 mm of the electrodes is from 0 to 1.1 u 
V/m. 
The observation of magnetic domain was 
performed through the GGG substrate with a 
light emitted diode at wavelength 522.5 nm. 
Although the absorption coefficient of GGG is 
not the lowest value around the wavelength, the 
thickness of 0.1 mm of the sample was thin 
enough for the observation and transmittance of 
the sample was around 80 %.  
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Figure 1: The sample setup for applying stress by PZT. 
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3 Results and discussion 
Strain H of the surface of the PZT measured 
by strain gauge is shown in Figure 2. Strain 
perpendicular to the opposed edges of the 
electrodes showed elongation and strain 
parallel to them showed contraction. The strain 
constant d33 of the PZT chip was 480 and 
expected order of magnitude of strain is 10-4, 
therefore, the observed values 2.5 u  at 1.0 
u V/m were recognizable. 
Figure 3 shows Kerr images observed at the 
out-of-plane magnetic field of 240 - 360 Oe 
applied after saturating magnetization in the 
opposite direction. In the middle of each 
picture there are white flow-like patterns 
behind magnetic domains, which supposed to 
be patterns due to interferences in a gap 
between the adhesive and the thin film.  
We could divide the observed view area into three regions I, II and III as shown in Figure 3 
according to the difference of magnetic domain behavior.  
(Region I) Reversal of magnetic domains occurred at weaker magnetic field in comparison with 
that of region II. Magnetic domains formed random shapes like complicated islands and inlets during 
the reversal process and then became spotty small dots and finally the reversal process was completed. 
(Region II) Change of shapes of magnetic domains was similar to region I, however, the reversal 
process occurred at higher magnetic field than that of region I. 
(Region III) Magnetic domains in this region could not be clearly seen in the all range of magnetic 
field of 0 - 500 Oe (not shown all in Figure 3). When the magnetic field was increased, brightness of 
the image in this region showed moderate change.  
     Hysteresis loops for each region are shown in Figure 4. The change of intensity of detected light by 
CCD camera is expressed as I = I0cos2(TP+TKTA) where TK represents Kerr rotation angle, TP and T$ 
are the angle of polarizer and analyzer, respectively. I0 is the intensity when polarizer and analyzer are 
set in the condition of parallel nicols and TK = 0. I0 is different for each measured position and 
therefore the intensity in Figure 4 is expressed as arbitrary scale. 
The measured hysteresis loops in Figure 4 moved downward in the vertical direction so as to 
decrease their intensity when the applied electric field was increased (the direction is shown by an 
arrow in Figure 4). This result suggests that I0 could depend on applied stress. If the anisotropic stress 
by the PZT chip induces birefringence of the thin film, refractive index of the thin film will change 
and consequently I0 will change. In this case, rotation angle also could be biased depending on the 
applied stress. In Figure 4 c, saturated intensity of the hysteresis loop at electric field 1.1 u V/m 
was larger than other hysteresis loops. For further discussion we need precise ellipsometric 
measurement and analysis. 
In terms of coercivity HC of the hysteresis loops in Figure 4, at the points, a and e, in region I, HC 
without electric field was 206 Oe and 216 Oe, respectively. In region II, HC at points, c and d, showed 
the same value of 231 Oe. HC value at the point b in region III was 204 Oe. The difference of magnetic 
field at which magnetic domains start reversing in region I and region II in Figure 3 as discussed 
above,  agrees with this result that the coercivity HC in region I is smaller than that in region II. The 
cause of the difference of coercivity could be associated with difference of residual stress depending 
on the region of the thin film caused by the unevenness of adhesive force. This dispersion of 
coercivity should be controlled for application. 
Figure 2: Strain of the surface of the PZT chip caused 
by applied electric field. 
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In Figure 4 e, coercivity Hc at electric field of 0 V/m was 216 Oe and that at 1.1 u 106 V/m was 
239 Oe. The coercivity HC increased 10.6 % as a result of reverse magnetostrictive effect. The 
increase of coercivity in other measured points were in the range of 4 to 9 %. 
Stress V in the thin film could be estimated as V = H( by using the value of strain H = 2.8 u 10-4 
measured by strain gauge and reported Young’s modulus E = 200 GPa of YIG (Batemann 1966) 
because the value of the Bi:NIGG thin film has not been reported yet. If we describe the relation 
between coercivity and stress as Hc = 3OV/Ms, where Ois magnetostriction constant and Ms is 
saturation magnetization, we will obtain the absolute value of O = 0.6 u 10-6 by using Ms = 46 emu 
measured by VSM. This estimated magnetostriction constant seems to be slightly small compared to 
other garnets (Hansen 1974) ; however, this would be reasonable because estimated stress in the thin 
film could be larger than the actual stress because the strain used for the calculation here was 
measured on the surface of the PZT not on the thin film itself.  
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Figure 3: Magnetic domains of Nd0.5Bi2.5Fe4.5Ga0.5O12 thin film under out-of-plane magnetic field 
(a) 240 Oe, (b) 280 Oe, (c) 320 Oe and (d) 360 Oe. Dashed lines are eye guide to
distinguish three areas I, II and III in which magnetic domains show different behavior. 
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Figure 4: Hysteresis loops when applied electric field was changed from 0 to 1.1 u V/m. The
image of Kerr microscope shows the points a, b, c, d and e for measurement of each 
hysteresis loops. Small arrow in each figure shows the direction of shift of hysteresis loop 
with increasing electric field. 
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4 Conclusion 
Maximum 10 % increase of coercivity was observed by magneto-optical Kerr microscope when 
external stress was applied by PZT actuator to Nd0.5Bi2.5Fe4.5Ga0.5O12 thin film prepared by MOD 
method on GGG (111) substrate. The estimated magnetostriction constant proved to be not less than 
0.6 u 10-6. This result suggests the possibility for applying the thin film to voltage controlled MO-
SLM devices.  
It was also found that coercivity without external stress depended on the area of the thin film to be 
observed. The cause of the difference of coercivity could be associated with difference of residual 
stress depending on the area of the thin film caused by the unevenness of adhesive force. This 
dispersion of coercivity should be controlled for application.  
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